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2Unique structural and optical properties of atomically thin transition metal
dichalcogenides (TMDs) [1] enable in principle their efficient coupling to pho-
tonic cavities having the optical mode volume below the diffraction limit. So
far, this has only been demonstrated by coupling TMDs with plasmonic modes
in metallic nano-structures [2], which exhibit strong energy dissipation limiting
their potential applications in devices. Here, we present an alternative approach
for realisation of ultra-compact cavities interacting with two-dimensional semi-
conductors: we use mono- and bilayer TMD WSe2 coupled to low-loss high-
refractive-index gallium phosphide (GaP) nano-antennas [3]. We observe a pho-
toluminescence (PL) enhancement exceeding 104 compared with WSe2 placed
on the planar GaP, and trace its origin to a combination of enhancement of the
spontaneous light emission rate, favourable modification of the PL directional-
ity and enhanced optical excitation efficiency, all occurring as a result of WSe2
coupling with strongly confined photonic modes of the nano-antennas. Further
effect of the coupling is observed in the polarisation dependence of WSe2 PL, and
in the Raman scattering signal enhancement exceeding 103. Our findings reveal
high-index dielectric nano-structures as a promising platform for engineering
light-matter coupling in two-dimensional semiconductors.
Monolayer semiconducting TMDs such as WSe2 exhibit bright excitonic luminescence
and strong absorption at room temperature with potential for photonic applications [4]. An
important property favouring integration in devices is their compatibility with a wide range
of substrates. So far, photonic device demonstrations include monolayer TMDs coupled to
nano-cavities in photonic crystals [5, 6], nanobeam waveguides [7] and to microdisk cavi-
ties [8]. TMD monolayers and van der Waals heterostructures [9] comprised of vertically
3stacked atomic layers of TMDs, hexagonal boron nitride and graphene have been integrated
in Fabry-Perot microcavities [10, 11]. These devices provide photonic modes with relatively
high quality factors, Q, in the range of 100s to 1000s. Despite the coupling to TMD mono-
layers via the relatively weak evanescent field, lasing in hybrid TMD-dielectric cavities has
been observed [5, 7, 8]. Moreover, the strong light-matter interaction regime has been re-
alized in optical microcavities [10, 11] and photonic crystals [6], where atomic layers of 2D
TMDs were placed at the anti-node of the photonic mode. Most of these devices relied on
confining electromagnetic fields in diffraction-limited volumes, Veff >∼ (λ/n)3, in order to
increase the spontaneous emission rate by the Purcell enhancement factor Fp, which scales
as Q/Veff . Whereas the high Q has been readily realized, Veff provided by these structures
is relatively large, leading to modest values of Fp. Most of these devices also show a reduc-
tion of the light intensity compared with bare TMD monolayers, explained by the presence
of fast non-radiative processes in the currently available TMDs, where the quantum yield is
typically below 0.1% [12].
The effective volume of the optical mode can be reduced below the diffraction limit in
plasmonic meta-materials and nano-cavities [13]. Such structures have been extensively re-
searched for confining and guiding light on the nano-scale, shaping incoming radiation in a
fraction of a wavelength, and modifying optical properties of nanoscale light emitters [14].
By coupling TMDs to plasmonic structures, large PL enhancements [15], strong light-matter
coupling [16], brightening of the dark excitonic states [17], and modification of optical prop-
erties of quantum emitters in WSe2 [18] have been achieved. However, high optical losses
due to the absorption in the metal remain the main obstacle for further development of
hybrid TMD-plasmonic devices [19].
Recently, it has been shown that high-refractive-index dielectric nano-antennas [20] can
4provide confined optical modes with strongly reduced mode volumes, which could theoreti-
cally reach Purcell values of thousands [21]. Despite the low Q < 10 in the currently realised
antennas having a simple cylindrical shape [3], coupling to such confined modes still results
in high Purcell enhancement factors, as was recently shown for dye molecules coupled to
GaP high-refractive-index (n > 3) nano-antennas [3]. This observation relied on the low
losses in such nano-antennas allowing emitters to be placed in their close proximity and
experience very strong electric fields of the sub-wavelength-confined modes. This is in con-
trast to plasmonic structures, requiring a spacer separating the emitters in order to prevent
quenching [13].
Here, we report large enhancements of the PL and Raman scattering intensity in mono-
(1L) and bilayer (2L) WSe2 placed on top of cylindrical GaP nano-antennas (Fig.1a), com-
pared with WSe2 on the planar GaP. Upon illumination, the nano-antennas scatter radiation
which is strongly confined around the pillar edges. This confinement effect is observed in a
broad spectral range, overlapping with the optical response of both mono- and bi-layer WSe2.
Our approach exploits the extreme ability of the atomically thin layers of TMDs to stretch
and conform with the nano-structured surfaces and therefore favourably align themselves
with the confined optical mode (Fig.1b-d). Our theoretical interpretation of the observed PL
enhancement shows that it arises from a combination of the Purcell enhancement, efficient
redirection of the emitted PL in the space above the substrate, and larger absorption of
light in the 2D layer related to the enhancement of the optical field in the confined mode.
Similarly to experiment, theory shows increase of the PL enhancement as the pillar radius
reduces. Supporting the theoretical interpretation, our time-resolved measurements show
the shortening of the PL life-time, which goes beyond our time resolution, only enabling a
lower bound estimate of the PL decay rate enhancement by a factor of 6. We further con-
5firm the photonic effect of the nano-antennas by demonstrating linearly polarised PL and
enhanced Raman scattering in the coupled WSe2. Our findings show an effective approach to
engineering light-matter coupling at the nanoscale, by exploiting the low-loss optical modes
of the dielectric nano-antennas together with the unique mechanical and optical properties
of 2D semiconductors. This work opens the way for utilization of 2D semiconductors as a
novel active medium in the emerging field of photonic meta-surfaces [22].
The calculated spatial distribution of the electric field around the cylindrical double-pillar
GaP nano-antennas (referred to as ’dimers’ below) is shown in Fig.1b-c, when excited with
light polarized linearly along (X) and perpendicular (Y ) to the line connecting the centres
of the pillars. While the maximum confinement of the optical mode is observed around the
pillar edges, it is seen that a strong field in the X-polarisation is localized in an ultra-small
volume within the dimer gap [3, 23], in contrast to the Y -polarized field showing reduced
amplitude (insets in Fig.1b and 1c). Atomic force microscopy (AFM, Fig.1d) shows that a
monolayer of WSe2 closely follows the shape of the dimer, thus strongly overlapping with
the volume of the confined optical mode. As shown in Fig.1e the spectral response of the
nano-antenna is very broad, extending well into the visible and near-infra-red ranges, and
fully overlapping with the PL profiles of both 1L and 2L-WSe2 (see Supplementary Note I).
Fig.1f shows a PL image of 1L and 2L samples deposited on an array of nano-antennas
and measured using an optical microscope. The image is recorded with a short-pass filter in
the white light illumination and a long-pass filter in the imaging path using the techniques
of Ref. [24]. Bright PL replicating the shape of the dimers is visible for both 1L (yellow)
and 2L (purple), whereas the PL from WSe2 on planar GaP is very weak (dark areas around
the pillars). A comparison of the intensities in the PL and dark field microscopy images is
shown in Fig.1g, where the intensities are measured along the dotted line shown for one of
6FIG. 1. Coupling of an atomically thin semiconductor to a dielectric nano-antenna (a)
Schematic view of a GaP dimer nano-antenna with a height h = 200 nm, gap width g and pillar
radius r. (b,c) Intensity (|E|/|E0|)2 of the light scattered by a GaP dimer (r = 50 nm, h = 200 nm,
g = 65 nm). E (E0) is the electric field amplitude of the scattered light (the plane wave illuminating
the dimer). The polarisation of the normally incident wave is shown with arrows and is either along
X (b) or Y (c) axes. The top view shows (|E|/|E0|)2 calculated at the height of 100 nm. Inset:
side view showing cross-section along X axis. Scale bar is 100 nm. (d) Atomic force microscopy
(AFM) image of a GaP nano-antenna (r = 500 nm) covered with a monolayer WSe2. (e) Simulated
scattering (Qscatt) and absorption (Qabs) efficiency integrated over numerical aperture NA=0.9 for
a GaP nano-antenna (g = 35 nm, r = 100 nm) illuminated with a plane wave. Pink (red) dashed
line Qscatt for light scattered upwards in air (downwards into the substrate). Room temperature
PL spectra are shown for 1L-WSe2 (orange) and 2L-WSe2 (purple). (f) Optical microscope image
showing PL from a GaP dimer nano-antennas array covered with 1L- and 2L-WSe2 (see Methods
for details). Scale bar is 10 µm. The yellow lines show the boundaries between 1L- and 2L-WSe2.
PL from 1L (2L) sample shows as false yellow (purple) in the image. (g) Intensity profiles extracted
from a dark-field (black) and PL (yellow) microscope images for a dimer with r=500 nm. Both
profiles are measured along the dashed line in Fig.1e. The intensity profiles are overlaid with the
schematic of a dimer.
the nano-antennas in Fig.1f. The PL enhancement is observed most strongly around the
edges and in the gap of the nano-antenna, where, as seen in the dark field profile, most of
the light is scattered by the pillars. Further comparison of the PL, bright and dark field
7images is given in Supplementary Note II.
We have additionally carried out detailed room temperature PL measurements in our
micro-PL setup for 1L and 2L-WSe2 placed on GaP nano-antennas. We use a laser with
wavelength λ =685 nm, which is below the GaP absorption edge, and is absorbed only
in the WSe2 layer. Figs.2a and b show PL spectra for 1L and 2L-WSe2 coupled to GaP
nano-antennas with r =100 nm and compare them with PL from the 2D layers placed on
the planar GaP. Strong enhancement of PL intensity exceeding 50 times for WSe2 placed
on nano-antennas is observed. Lower PL intensity for 2L-WSe2 is a consequence of its
indirect bandgap, in contrast to the 1L-WSe2 having a direct band-gap. The effect of strain
present in WSe2 placed on the nano-pillar is evident in the PL redshift for 1L and spectral
modification for 2L samples.
We compare the observed PL intensity for WSe2 coupled to the nano-antennas (Ion)
to that of the uncoupled WSe2 on planar GaP (Ioff ) by introducing the PL enhancement
factor [14, 15, 25, 26], 〈EF 〉, defined as:
〈EF 〉 = Ion
Adimer
(
Ioff
Alaser
)−1
(1)
Here we take into account the significant difference between the PL collection area Alaser
defined by the excitation laser spot of 3.5 µm diameter, and the geometrical area for a given
dimer, Adimer = 2 × pir2. We expect that Adimer is larger than the actual area from where
the enhanced PL is collected (effectively edges of the pillars). Thus, 〈EF 〉 calculated in this
way is expected to be a lower bound estimate of the observed effect.
Fig.2c shows the 〈EF 〉 values extracted from the experimental data for different nano-
antennas. 〈EF 〉 for 1L-WSe2 exhibits an increase from 102 for the large r = 500 nm pillars
to nearly 104 for r = 50 nm, whereas the variation is more significant for the 2L samples,
8FIG. 2. Photoluminescence enhancement of mono- and bi-layer WSe2 coupled to GaP
nano-antennas. (a,b) PL spectra for 1L-WSe2 (orange) and 2L-WSe2 (black) placed on top of
GaP nano-antennas with r = 300 nm and 100 nm, respectively. Spectra in red are measured
on 1L- (a) and 2L-WSe2 (b) placed on the planar GaP. Their intensity is multiplied by 10. (c)
Experimental PL enhancement factor, 〈EF 〉, as a function of the antenna radius, for 1L-(orange)
and 2L-WSe2 (black). (d-g) Results of simulations showing various parameters determining the
observed PL enhancement in a dimer as a function of the pillar radius (see main text and Methods
for further details). The values shown in the figures correspond to the behavior of an oscillating
electric dipole placed at the edge of the gap between the two pillars, 0.5 nm above the top of the
pillar, and on the line connecting the centres of the pillars [see inset in (e)]. (d) Enhancement of
excitation, γexc/γ
0
exc. (e) Enhancement of the radiative recombination rate, γr/γ
0
r . Inset shows
variation of this ratio as a function of the dipole position above the dimer gap. the values plotted
in (d)-(g) are calculated for the dipole placed at the position where γr/γ
0
r reaches the maximum.
(f) Enhancement of the light collection efficiency, η/η0. (g) Dependence on r of the calculated
effective enhancement factor, 〈EF 〉eff , defined as the product of the parameters in (d), (e) and (f)
(see Eq.2 and the formula on the graph).
where 〈EF 〉 changes from ≈ 30 to 4 · 104. Such large 〈EF 〉 values are comparable with the
highest reported in plasmonic/TMDs systems [15].
As we show below, the observed enhancement is the consequence of the interaction of
9WSe2 with the optical mode of the nano-antenna. The extremely efficient overlap between
the 2D layers and the optical mode field maxima are important for enhancing the interaction
with the nano-antennas. The variations of the WSe2 overlap with the nano-antennas and the
dimer gap width are most likely responsible for the variation of 〈EF 〉 between the antennas
of the same size seen in Fig.2c. A smaller value of 〈EF 〉 for the 2L sample for the nano-
antennas with the large radii is probably due to its higher rigidity compared with 1L. As the
radius becomes smaller the 2L conforms more closely with the shape of the nano-antenna,
and in addition the increased strain in the crystal may lead to the indirect to direct bandgap
crossover [27], yielding larger values of 〈EF 〉.
In order to compare this result with our theory, we introduce an effective enhancement
factor 〈EF 〉eff defined as:
〈EF 〉eff ∝ γexc(λexc)
γ0exc(λexc)
· q(λem)
q0(λem)
· η(λem)
η0(λem)
(2)
Here γexc/γ
0
exc is the ratio of the excitation rates at a wavelength λexc, for an emitter cou-
pled to the antenna (γexc) and placed on the planar substrate (γ
0
exc). γexc/γ
0
exc ∝ (|E|/|E0|)2,
where E and E0 denote the amplitudes of the total electric field on the surface of the an-
tenna and on the substrate, respectively. Their ratio would account for the enhancement of
the incident radiation leading to stronger light absorption in WSe2. The dependence of this
ratio on the pillar radius r is shown in Fig.2d for an electric dipole placed 0.5 nm above the
top surface of the pillars (see more details in Methods and Supplementary Note III). The
dipole is placed at the edge of one of the pillars just outside the gap between the two pillars.
As shown in the inset in Fig.2e and in Supplementary Note III this is the position where
the coupling to the optical mode of the dimer is maximized. The data in Fig.2d-f, showing
the individual contributions of the different terms to the overall enhancement in Eq.2, are
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calculated for this position of the dipole.
The second term describes the enhancement of the quantum yield (q/q0) for an emitter at
a wavelength λem. This is achieved through the enhanced rate of spontaneous emission [26]
described by the Purcell factor Fp = γr/γ
0
r , where γr and γ
0
r are the rates of spontaneous
emission for the emitter coupled to the antenna and placed on the planar GaP, respectively.
In our model we consider the limit of a low quantum yield for the emitter, i.e. the non-
radiative decay γnr  Fpγr, which leads to q/q0 = Fp(γr + γnr)/(Fpγr + γnr) ≈ Fp. The
dependence on r for this term is shown in Fig.2e.
The third term η/η0 describes the improved collection efficiency for WSe2 PL on top of
the nano-antennas (η) compared to planar GaP (η0), as the emitted radiation is coupled to
our detector using collection through numerical aperture NA=0.7. The dependence on r of
η/η0 is shown in Fig.2f.
Fig.2g shows the calculated theoretical values of the effective enhancement factor 〈EF 〉eff
taking into account the above three mechanisms [14, 26]. The dependences of 〈EF 〉eff and
〈EF 〉 are in a good qualitative agreement, suggesting that the theory captures the main
contributing factors.
We find further evidence for the sensitivity of the WSe2 coupling to the optical mode of
the dimer in polarisation resolved PL measurements. The spatial asymmetry of the dimer
nano-antenna and the enhanced field in the gap between the two pillars is expected to lead to
a polarisation-dependent response [3, 23] as predicted by Figs.1b,c. Such behavior is found
in PL in WSe2 coupled to nano-antennas, as shown in Fig.3a-c. Fig.3a shows the case for a
nano-antenna with r = 400 nm and a gap g = 65 nm. It is observed that PL is 20% stronger
when excited with an X-polarized laser compared to the Y -polarized excitation (X and Y
are selected as in Figs.1b,c). A similar modulation is observed in dimers with other values
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FIG. 3. Polarization properties of WSe2 coupled to GaP nano-antennas. (a) Photolu-
minescence spectra for 1L-WSe2 on a GaP nano-antenna (g = 65 nm, r = 400 nm), for a laser
excitation linearly polarized along X- and Y-axes of the dimer (defined as in Fig.1). (b) Dark-field
microscopy images and related scattered light intensity profiles for two GaP nano-antennas (r =
400 nm) covered with 1L-WSe2. The scattered light intensity profiles are taken along the long axes
(Y) of the dimer as shown by the dotted lines. The top (bottom) images and left (right) graphs
correspond to the dimers without (with) a gap. (c) Comparison of 1L-WSe2 PL intensity as a
function of the orientation of linearly polarised excitation for the nano-antennas in Figure 3b. Red
(dark blue) shows the dependence for the dimer with (without) a gap.
of r (see Supplementary Note IV). The origin of this behaviour is further revealed when
considering touching pillars with no gap. Fig.3b shows the dark-field microscope images of
dimers without (top) and with (bottom) a gap. The graphs in Fig.3b show the extracted
scattering intensities along the line connecting the centres of the pillars, revealing the absence
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(left) or the presence (right) of the gap. Fig.3c shows the integrated PL intensity for WSe2
coupled to such dimers measured in a micro-PL set-up. In the dimer with a gap, the PL is
modulated by 20% when varying the polarisation of excitation, exhibiting higher intensity
for X-polarised laser, which is due to the excitation of the optical mode in the gap between
the pillars. A negligible polarisation dependence is observed in the dimer with no defined
gap, emphasizing nearly equal coupling of WSe2 to the X- and Y -polarised optical modes.
The theoretical interpretation in Fig.2 demonstrates that partly the PL enhancement
originates from the enhanced radiative decay rate in WSe2. We have been able to demon-
strate this experimentally by measuring PL dynamics in WSe2. Fig.4a shows the PL decay
for a 1L-WSe2 placed on the planar GaP (purple) compared to the emission when it is cou-
pled to a nano-antenna with r = 200 nm (orange). The curves are measured using excitation
with a 90 ps pulsed laser at 638 nm and detection with an avalanche photo-diode detector
(see Methods). The corresponding instrument response function (IRF) is shown in Fig.4a as
a gray shaded area. For these measurements, we used a low excitation density (0.2 W/cm2)
to avoid non-radiative exciton-exciton annihilation, resulting in fast PL decay [4, 28]. For
low pumping powers, single exponential decay is usually observed, reflecting the radiative
recombination dynamics of the thermalised exciton population [29, 30]. Such behavior is
observed in Fig.4a for the 1L-WSe2 on the planar GaP, which shows a single-exponential PL
decay with a lifetime τGaP ≈ 1.3 ns. The PL decay measured for WSe2 coupled to a dimer
is dominated by a fast component with a lifetime τdimer ≈ 0.2 ns. This is very similar to
the fast component in the instrument response function (IRF) of τIRF ≈ 0.16 ns. We thus
conclude that the measured τdimer ≈ 0.2 ns is a resolution-limited value. We interpret the
shortening of the PL lifetime as a consequence of the Purcell enhancement of the radiative
rate. A conservative lower-bound estimate of the Purcell enhancement factor is therefore
13
FIG. 4. Time-resolved PL and Raman scattering signal. (a) PL decay traces for a WSe2
monolayer placed on a planar GaP substrate (purple) and coupled to a nano-antenna with r = 200
nm (yellow). Grey shows the instrument response function (IRF). The PL signal is measured with a
90 ps pulsed laser, under low excitation power of 0.2 W/cm2, to avoid exciton-exciton annihilation
processes. Resolution-limited dynamics are measured for WSe2 coupled to a dimer. Dotted black
lines show results of the fitting with exponential decay. (b) Raman scattering spectra for 1L-WSe2
placed on GaP nano-antennas with r= 50 nm and 200 nm (green) and on the planar GaP (red).
(c) Raman scattering spectra for 2L-WSe2 on a r=200 nm GaP nano-antenna (orange) and on
the planar GaP (black). (d) Experimental Raman enhancement factor, 〈EF 〉Raman (see Eq.3 in
Methods), obtained (after background subtraction) for the 250 cm−1 peak in 1L- and 2L-WSe2
coupled to nano-antennas with various r.
≈6. This is in a good agreement with the theoretical predictions, for which we should take
into account the spatial variation of the Purcell enhancement in the WSe2 coupled to the
mode. Note that Fig.2e only shows the values obtained for the optimum location of the
dipole where the enhancement is maximised (see further details in Supplementary Note III).
Further evidence for the efficient interaction of WSe2 with the nano-antennas is obtained
from the observation of the enhanced Raman scattering response. This effect, typically ob-
served for nano-structured metals [13] and dielectric nano-particles [31], is related to the
surface localization of the electromagnetic field. Both 1L and 2L-WSe2 Raman spectra
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excited with a laser at 532 nm show a pronounced peak at 250 cm−1 composed of two de-
generate modes, the in-plane E ′ for 1L and E12g for 2L WSe2, and out-of-plane A
′
1 for 1L and
A1g for 2L WSe2 [32]. This is shown in Figs.4b and c for 1L and 2L samples, respectively.
Figs.4b,c further compare Raman spectra measured for WSe2 on the planar GaP (red) with
the spectra collected on nano-antennas (green), and show a notable enhancement of the
signal. While the overall Raman signal decreases with decreasing r, its relative strength
per unit nano-antenna area is significantly enhanced. In analogy with the PL data, we de-
fine the Raman experimental enhancement factor, 〈EF 〉Raman (see Methods). The obtained
〈EF 〉Raman values increase when reducing the antenna radius, as for the PL enhancement,
with values exceeding 103 for r = 50 nm (Fig.4d). The observed Raman intensity enhance-
ment is explained by the enhancement of the laser and the scattered light fields and a more
efficient collection of the signal (see Eq.2).
The reported enhancement in the PL emission and Raman signal intensities, and short-
ening of the radiative lifetime in 2D WSe2 coupled to GaP nano-antennas, shows that nano-
structured high-index dielectrics can be an efficient alternative to plasmonic structures as
a platform to engineer light-matter coupling on the nano-scale. Importantly, we show that
the coupling to nano-antennas can be used to significantly enhance the quantum yield in
TMDs via the enhancement of the radiative decay rate, emphasizing the potential of this
approach for device applications. Our approach could be expanded to arrays of dielectric
nano-structures, or meta-surfaces, an emerging field of nano-photonics [22] with potential in
a wide range of applications, such as quantum optics, photovoltaics and imaging. The ap-
proaches for realisation of the Purcell effect in loss-less dielectrics demonstrated here will also
be used in the growing field of strain-induced single photon emitters [33, 34] for applications
exploiting quantum light generation.
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METHODS
Sample fabrication
GaP nano-antennas arrays are fabricated with the top-down lithographic process follow-
ing the procedure in Ref.[3]. The fabricated pillars are 200 nm high and have radi of r =
50 nm, 100 nm, 200 nm, 300 nm, 400 nm, 500 nm. Monolayers and bilayers of WSe2 were
mechanically exfoliated from a bulk crystal (HQGraphene) onto a poly-methyldisyoloxane
(PDMS) polymer stamp. The thin layers are identified via the PL imaging technique de-
scribed in this work in Fig.1 and Ref.[24]. The stamp was then used to transfer the exfoliated
materials on top of the GaP nano-antenna array.
PL imaging
PL imaging used in Fig.1 is carried out in a commercial bright-field microscope (LV150N
Nikon) with a 550 nm short-pass filter placed in the white light beam path. The PL signal
produced by the TMDs is isolated with a 600 nm long-pass filter before reaching the colour
microscope camera (DS-Vi1, Nikon) used to image the sample. See a full description of the
method in Ref. [24].
PL spectroscopy
All PL spectra are acquired at room temperature in a micro-PL set-up with samples
placed in vacuum. A 685 nm diode laser coupled to a single mode fibre is used as the
excitation source. After passing through a 700 nm short-pass filter, the laser is focussed
onto the sample through an infinity corrected objective (Mitutoyo 100x NA=0.7). The
resulting laser spot has a radius of ≈ 3.5µm which is large enough to illuminate entire
individual dimers. The dimers are separated by 10 µm, which allows optical measurement
of an individual dimer. The emitted light is collected by the same objective and filtered
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with a 700 nm long pass filter before coupling into a spectrometer (Princeton Instruments
SP2750) and detection with a high-sensitivity liquid nitrogen cooled charge-coupled device
(CCD, Princeton Instruments PyLoN). For polarization measurements, a Glan-Thompson
linear polarizer, followed by a half-wave plate mounted onto a motorized rotation stage, are
inserted in the excitation path in order to control the linear polarization angle of the laser
source. No polarization optics is used in the collection path.
Time-resolved PL
PL decay of planar WSe2 is measured by coupling light filtered by a spectrometer (≈4
nm bandwidth) into a multi-mode fibre directing light to an avalanche photodiode (APD,
ID100-MMF50) with time-resolution of ∼40 ps. The signal from the APD is read using
a photon counting card (SPC-130). A ≈90 ps pulsed diode laser (PicoQuant LDH) with
wavelength 638 nm is used as the excitation source at a repetition rate of 80 MHz. Overall,
the instrument response function (IRF) has a full width at half maximum of <200 ps.
The PL decay curves are fitted with single and bi-exponential decay functions of the form
y = y0 + A1 exp
−t/τ1 +A2 exp−t/τ2 . The lifetimes for WSe2 coupled to nano-antennas are
limited by the temporal resolution of the set-up.
Raman spectroscopy
Raman spectra are collected at room temperature in a micro-Raman set-up with samples
placed in vacuum. A single mode 532 nm laser (Cobolt 04-01) is used, focussed on the
sample through an infinity corrected objective (Mitutoyo 50x NA=0.55). Background laser
light is suppressed using Optigrate filters, which allows Raman signal to be measured by the
same spectrometer/CCD system as for PL spectroscopy. The Raman signals are analysed
by fitting the two Raman peaks with Gaussian functions, following background subtraction.
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The 250 cm−1 peak intensities extracted in this way are used to calculate the Raman en-
hancement factor in Eq.3 given below. In this equation IfitRaman is the Raman intensity for
WSe2 coupled to a dimer and I
fit
ref is for the reference WSe2 on the planar GaP.
〈EF 〉Raman = (I
fit
Raman − Ifitref )
Adimer
(
Ifitref
Alaser
)−1
(3)
We find experimentally that Alaser = 16.8 µm
2 in the micro-Raman set-up.
Simulations
The theoretical enhancement factor is calculated with a finite-difference time-domain
(FDTD) method using Lumerical FDTD solutions software. The near-field distribution is
obtained by illuminating the structure with a plane wave, polarized along or perpendicular
the dimer axis (the line connecting the centres of the pillars) and incident on the dimer
perpendicular to the substrate from the vacuum side. The Purcell enhancement is calculated
by exciting the structure with an oscillating electric dipole placed at different positions along
the dimer axis at a vertical position 0.5 nm from the top surface of the GaP pillars, and
compared with a dipole placed 0.5 nm above the planar surface of the GaP substrate. To
model the photoluminescence in WSe2 originating from the in-plane excitons, the dipole is
placed parallel to the substrate surface. The dipole oscillates along the line connecting the
centres of the pillars in order to couple efficiently to the gap mode. The Purcell enhancement
is calculated as the decay rate γ of an emitter coupled to the GaP antenna, divided by the
decay rate γ0 of the same electric dipole emitter on the planar GaP substrate as described
above. The decay rate enhancement γ/γ0 corresponds to the enhancement of the rate of
energy dissipation P/P0. The collection efficiency is calculated by exciting the structure
with an electric dipole, as above, and integrating the radiation pattern within the numerical
aperture of the objective used in the experiments (NA=0.7). The refractive index used for
18
GaP is n=3.2.
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